. Thy-PS1 Transgene Expression (a) Schematic representation of the wild-type and mutant human PS1 transgene constructs. The 1.4 kb wild-type PS1 or PS1A246E cDNAs were inserted between the human Thy-1 promoter and SV40 small t intron and polyA sequences. The SV40 primer pair was used for transgene genotyping. (b) Immunoblot of protein lysates (60 g/lane) from brain (lanes 1-7) and embryonic head (lanes 8-9) reacted with the PS1 loop antibody. In lanes 1 and 2, Thy-PS1 transgenic lines 10-8 and 17-2 show about equal signal intensity for hPS1 (upper band) and mPS1 (lower band). Lane 3 shows Thy-PS1 line 10-8 rescued mouse, expressing only hPS1. Lanes 4-6 show Thy-PS1A246E transgenic lines 16-3, 22-1, and 16-4, respectively, expressing both the hPS1 and mPS1. Lanes 4 and 5 show more hPS1 staining than native mPS1. Lane 7 shows Thy-PS1A246E line 16-3 rescued mouse, expressing hPS1 only. Lanes 8 and 9 show day 18.5 embryonic protein extract from a heterozygous (ϩ/Ϫ) and a homozygous (Ϫ/Ϫ) PS1 knockout mouse, respectively. At the bottom is a ␤-tubulin loading control.
brain protein lysates by Western blotting, using an antiproducing only the human PS1 proteins (Figure 1b , lanes 3 and 7). loop PS1 antibody , showed that human PS1 C-terminal fragments accumulated in these Of the two Thy-PS1 lines tested (lines 10-8 and 17-2; Table 1 ), both completely rescued the hemorrhage and lines ranging from about 0.5ϫ to 1.5ϫ that of the endogenous mouse PS1 (Figure 1b) .
other neuronal defects as well as embryonic lethality of the PS1 null mouse, whereas the axial skeleton deformiTo determine whether human PS1 transgenes could prevent lethality in the PS1 null mouse, we introduced ties were partially corrected. The rescued progenies, heterozygous or homozygous for the transgene, were human Thy-PS1 and Thy-PS1A246E transgenes into the murine PS1 null background (Wong et al., 1997) by viable and fertile. However, they were shorter in body length and had short and kinky tails. Figure 2 shows crossing the human PS1 transgenic mice with heterozygous PS1 knockout mice. F1 mice transgenic for the alcian blue-and alizarin red-stained skeleton preparations of newborn animals that are wild type (Figure 2a ), human PS1 gene and heterozygous for the murine PS1 gene were identified and intercrossed in an attempt to PS1 null (Figure 2b ), or PS1 null rescued by the wild-type transgenic line 10-8 (Figure 2c ). The vertebral column of produce F2 mice homozygous for the murine PS1 null allele and positive for the human PS1. Genotyping a wild-type neonate normally possesses seven cervical vertebrae and thirteen thoracic vertebrae that support showed that viable PS1 null transgene-positive pups could be identified, demonstrating that the embryonic the same number of ribs ( Figure 2a ). In PS1 null newborn, the number of cervical segments is reduced to four to lethality of the PS1 null mouse could be prevented by either the wild-type or the mutant Thy-PS1 transgenes. six, with consistent absence of atlas (C-1 vertebra) and frequent fusing of neighboring segments; the number As a result, we were able to establish transgenic lines compressed. However, in contrast to the normal number of thirteen thoracic vertebrae, the rescued pup has only eleven segments (Figure 2c ). The lumbar-tail vertebrae are largely disorganized and show delayed and unsymmetrical ossification, resulting in a split vertebra and a twisted tail. Slower ossification in the vertebral column apparently contributed to their slower growth. Four Thy-PS1A246E mutant transgenic lines (lines 16-1, 16-3, 16-4, and 22-1) were tested for rescue activity. Although all four lines were able to completely correct the hemorrhage and neuronal cell loss seen in PS1 null embryos, they yielded a dramatically different efficiency in their ability to rescue the axial skeleton defects as well as lethality (Table 1) : lines 16-3 and 16-4 resulted in a nearly complete rescue of the vertebral deformities, and most of the rescued mice were indistinguishable from their littermate controls. Figure 2d shows the bone staining of a rescued neonate, heterozygous for the mutant transgene from line 16-3. Compared to control (Figure 2a) , the rescued pup has the correct number of cervical and thoracic vertebrae and a normal level of ossification. The structure looks almost completely normal except for a minor kink in the tail.
In contrast to lines 16-3 and 16-4, mutant line 22-1 rescued neonates showed little improvement in the axial skeleton structure compared to PS1 null pups, and none survived beyond birth (see below for transgene expression in this line). Line 16-1 resulted in partial rescue of the lethality since only a low percentage of the rescued mice (0.76/16 as compared to the expected 3/16) were viable. The rest died soon after birth (Table 1 ). The hemorrhage-free but otherwise PS1 null-like newborns most likely die of vertebral deformities. The differential correction of the CNS hemorrhaging and skeletal defects suggests that these two pathologies are not causally related. Since the expected numbers of rescued pups were recovered at birth (4.6/16 and 2.2/16 for lines 16-1 and 22-1, respectively, versus the expected 3/16), expression of the human transgene in these lines prevented the prenatal lethality of the PS1 null mice.
Hematoxylin and eosin (H&E) staining of sagittal sec- its missing ribs, and its lumbar-tail segments are disorganized and show delayed and unsymmetric ossification, resulting in a split vertebra and a twisted tail.
Human PS1 Transgene Expression
The human Thy-1 promoter is predominantly active in brain and less so in kidney, endothelial cells of blood of thoracic segments and ribs is reduced to nine or ten, again frequently fused ( Figure 2b ). The rescued neonate vessels, and connective tissues, and its expression in other peripheral tissues is negligible (Gordon et al., is larger than the null pup and shows vast improvement in cervical and thoracic vertebrae compared to the 1987). Northern blot (data not shown) and Western blot analysis ( Figure 1b) showed that human PS1 is exknockout mouse (cf. Figures 2b and 2c) . A complete set of seven cervical vertebrae is restored. The thoracic pressed at levels comparable to those of the endogenous murine PS1 in the brains of transgenic mice. In vertebrae and ribs display degrees of ossification similar to those of the wild-type skeleton and are no longer situ hybridization showed that the human PS1 mRNA was widely expressed and is mostly abundant in hippoof development but was not sufficient for most embryos. Expression in mutant line 22-1 (Figure 3a ) was at the campus, cortex, and cerebellum (Figures 3b-3e) . However, the levels of human PS1 expression in adult brain nontransgenic control level, accounting for the lack of rescue by this line. Since the mutant line 16-4 had exof the different transgenic lines are not indicative of their ability to rescue the embryonic lethality of the PS1 null pression comparable to that of the wild-type lines 10-8 and 17-2 but gave more complete rescue than the two mice (compare lines 16-3, 16-4, and 22-1; Table 1 ; Figure 1b) . We therefore examined embryonic transgene wild-type lines, and since the failure of mutant line 22-1 to rescue lethality was due to lack of embryonic expresexpression by in situ hybridization at E9.5, E13.5, and E18.5 of development. sion, the in situ results support the conclusion that the PS1A246E protein did not lose PS1 functions required When examined by whole-mount in situ hybridization, weak and ubiquitous expression of Thy-PS1 transgenes for development. At E18.5, transgene expression became more restricted to the CNS with weak staining in could be detected above background in E9.5 embryos. However, the signal was too low to be quantitatively kidney (data not shown). compared (data not shown). In situ hybridization of midsaggital sections of E13.5 embryos revealed that in wild-
Brain A␤ Levels in Transgenic Mice
Rescue of PS1 null lethality in mice by the human PS1 type lines 10-8 and 17-2 and in mutant lines 16-4 and 16-1 (Figure 3a) , the transgenes were expressed at modtransgenes allows the analysis of A␤ levels in brains of the humanized PS1 mice, in which the only PS1 available erate levels along vertebra-spinal column, areas severely affected in PS1 null embryos. Expression in other is of human origin. Mouse A␤40 and A␤1-42/43 levels were measured by quantitative sandwich ELISA assays tissues was lower. The mutant line 16-3 (Figure 3a ) gave similar expression patterns but the signal was stronger. (Gravina et al., 1995; Duff et al., 1996) in brain lysates of the knockout mice (3 months of age) rescued by ThyThat line 16-3 expression was higher than line 16-4 but appears to have slightly lower rescue activity indicates PS1 (line 10-8) and Thy-PS1A246E (lines 16-3 and 16-4) transgenes and of nontransgenic wild-type (PS1 ϩ/ϩ ) and that the E13.5 expression revealed by in situ hybridization is not an absolute measure of the rescuing ability.
heterozygous knockout (PS1 ϩ/Ϫ ) mice. Brain transgene expression in lines 10-8 and 16-4 were comparable, Subtle variations of transgene expression in time and space would influence rescue outcome. The rescue acwhile that in line 16-3 was higher (Figure 1b) . Two significant observations emerged from this measurement (Figtivity of the mutant line 16-1 appeared to be affected by such variation. The low-to-moderate expression seen ure 4). First, mice heterozygous for the murine PS1 (mPS1
) produce lower instead of higher levels of both in line 16-1 could, on rare occasions, enable completion decrease in the humanized mice is that human PS1 stimulates a higher fraction of A␤1-42/43 production as compared to mouse PS1.
Discussion

Functional Rescue of PS1 Null Lethality by Human PS1 Transgenes
We show that the human PS1 protein can substitute for mouse PS1 during development, confirming a high degree of functional conservation between the two proteins and allowing generation of humanized PS1 transgenic mice. The rescue of the PS1 Ϫ/Ϫ lethality by the A246E mutant protein indicates that the human PS1 FAD mutation does not compromise normal PS1 activity. A low level of expression of either wild-type or mutant A246E human PS1 during embryogenesis is sufficient to support normal PS1 function during development. Interestingly, although the Thy-PS1A246E transgenic lines 16-1 and 22-1 are unable to effectively rescue the axial skeleton defects and the lethality of the PS1 null mice, the neuronal lesion and CNS hemorrhaging are completely corrected, indicating a normal PS1 CNS activity of the mutant protein expressed at sub-optimal levels.
Although both the wild-type and mutant PS1 transgenes can complement the mouse PS1 null mutation, Assessment of activities of PS1 mutants in C. elegans yielded somewhat different results. In the study by Levi-A␤40 or A␤1-42/43 than wild-type controls. This finding tan et al. (1996) , several PS1 FAD mutants, including indicates that the effect of PS1 FAD mutations on PS1A246E, were found to be substantially less active A␤1-42/43 production is not due to a loss of PS1 functhan the wild-type protein in compensating for sel-12 tion. Second, dramatic increases in A␤1-42/43 level are deficiency. This discrepancy in rescue between C. eleseen in the mPS1 Ϫ/Ϫ ;Thy-PS1A246E genotype, as comgans and mouse might be attributable to differences in pared with the wild-type Thy-PS1 rescued mice or nonthe nature of the defects. For example, unlike the murine transgenic controls (Figure 4, upper panel) . This result PS1 null mutation, the C. elegans sel-12 mutant is most is consistent with the increases in A␤1-42/43 observed likely not a complete loss-of-function mutant, and the from PS1 FAD patients and transgenic mice expressing murine somitogenic and C. elegans egg chamber differmutant PS1 protein Duff et al., entiation pathways may respond differently to PS1 pro-1996; Scheuner et al., 1996; Citron et al., 1997 ; this study; tein expression; in addition, variability in episomal transdata not shown). Since the only PS1 present in the lines gene expression in the C. elegans rescue study was not 16-3 and 16-4 rescued mice is the mutant PS1, the evaluated. A␤1-42/43 elevation can be attributed to the FAD mutation.
We noticed that a reduction or removal of endogenous PS1 and A␤ Production Observations of elevation in the level of A␤1-42/43 or murine wild-type PS1 leads to a mild decrease in the steady-state level of A␤40, since it is significantly lower the ratio of A␤1-42/43:A␤40 in fibroblast and plasma samples of PS1 FAD patients, in PS1 FAD cell lines, and in mPS1 ϩ/Ϫ mice and in mPS1 Ϫ/Ϫ mice rescued by either the human Thy-PS1 or Thy-PS1A246E transgenes ( Fig in the presence of the wild-type PS1 alleles. Therefore, it was difficult to distinguish whether the mutant effect Western Blot Analysis on A␤1-42/43 production results from (1) a gain of activiProtein lysates from transgenic brains or embryos were prepared ties by the PS1 FAD proteins in A␤1-42/43 production, ) were thaw mounted on baked superfrost plus microslides and hybridized brane anchoring . Analysis of PS1 interwith a transgene-specific SV40 oligo probe, 5Ј-CACACCACAGAAGT action with APP and other proteins may lead to identifi-AAGGTTCCTTCACAAAGATCCGGGACCAA AG-3Ј, by the method cation of the crucial biochemical pathways and secretases of Sirinathsinghji and Dunnett (1993) . The probe was labeled to 2 ϫ responsible for A␤ production.
10
6 cpm/ng DNA by [ 33 P]dATP with terminal transferase (BoehringerMannheim) and purified over a Sephadex G-50 spin column. Following hybridization, the sections were exposed to Kodak Biomax film Experimental Procedures for 3 weeks.
Transgene Construction and Generation A␤ Measurement of Transgenic Mice
Hemibrains from transgenic mice were taken and homogenized in The human wild-type PS1 and human PS1A246E transgenes under 70% formic acid. Homogenates were centrifuged at 100,000 ϫ g the control of human Thy-1 promoter were generated by ligating a for 1 hr. The supernatant was recovered and neutralized, and mouse 1.4 kb KpnI-BamHI fragment containing PS1 (or PS1A246E) cDNA A␤40 and A␤1-42/43 levels were analyzed using the BNT77/BA27 sequence with a KpnI-BglII-cleaved pHZ024 vector, which contains and BNT77/BC05 quantitative sandwich ELISA systems, as dethe human Thy-1 promoter (Van Rijs et al., 1985) , a polylinker, and scribed by Gravina et al. (1995) and Duff et al. (1996) . A␤ values of SV40 small t intron and polyA sequences. A 5.8 kb Eco RI-XbaI line 16-3 rescued mice were assayed in all experiments and were fragment containing human Thy-1 promoter, PS1 (or PS1A246E) used to normalize the A␤ levels of line 16-4, which were obtained cDNA, and SV40 sequence was excised from the plasmid, gel puriat a later time than the rest of the data shown but in parallel with fied, and injected into the pronuclei of B6SJL embryos as described line 16-3. by Hogan et al. (1986) . Transgenic founders were identified by PCR with a SV40 primer pair (Reneker et al., 1995) -SV-sense, 5Ј-GTGAA GGAACCTTACTTCTGTGGTG-3Ј, and SV-antisense, 5Ј-GTCCTTGG
